Abstract. The normal self-heating coefficient for standard capsule-type resistance thermometers is gas-mediated over most of their designed range of use. This is readily modeled and calculated for thermometers with helium fill gas from known transport properties for temperatures above the superfluid-film transition at 1.3 K. Anomalous self-heating exists in certain capsules where air contamination has occurred, and this observed self-heating is compared with predictions from the thermal conductivity of gas mixtures. The experimental aspects of the self-heating measurements are described as well as certain aspects of the thermal transport modeling. Some associated interpolation errors are described and useful screening techniques are suggested for capsule thermometers over cryogenic temperature ranges.
INTRODUCTION
Standard capsule-type resistance thermometers are necessary for realization and/or dissemination of the ITS-90 over its cryogenic ranges at the lowest achievable uncertainties. These include the capsuletype varieties of both standard platinum resistance thermometers (SPRTs) and miniature platinum resistance thermometers (MPRTs) for the range 13.8 K to 273 K, rhodium-iron resistance thermometers (RIRTs), and platinum-cobalt resistance thermometers (PCRTs) for the range 0.65 K to 24.5 K or 273 K. All these thermometers are designed for cryogenic service, filled with (10 to 30) µmol of helium heat-exchange gas, and hermetically sealed. The exchange gas is the dominant heat transport medium for exchanging heat with the environment in these designs. Power dissipation ∆P in the resistance element causes an elevated internal temperature difference ∆T sh relative to the environment being sampled, commonly referred to as "self-heating". The term 'self-heating coefficient' [1] as defined by η =∆T sh /∆P is used here, but alternative terminology is found in the literature such as the "thermal resistance" [2] or "thermal impedance" whose definitions are equivalent. Related terminology may also be found in this same context, such as "heattransfer coefficient", h, [3] or "dissipation constant", but these are just the inverse of the self-heating coefficient used here.
The measurement of self heating of cryogenic resistance thermometers can be used to evaluate the efficacy of the thermometer installation and/or the integrity of the thermometer's sheath and hermetic seals. A capsule thermometer with insufficient thermal coupling to its environment will indicate a higher than normal self heating. A thermometer with a damaged seal which allows the He exchange gas to leak out of or into the capsule will also indicate higher than normal self heating under vacuum, but the effect may be reversible when He exchange gas is readmitted though backfilling the vacuum chamber. Long-term usage with smaller leaks also introduces the possibility of capsule thermometers with air-helium or even airhydrogen mixtures. An understanding of what should be 'normal' self-heating behavior in these capsule-type thermometers over their full temperature range is therefore useful in evaluating these factors in practice.
The third law of thermodynamics requires that all heat transport coefficients such as h=η −1
→0 as T→0.
Consequently, at low temperatures η exhibits divergent behavior such as η ∝T −n , where typically 0.5 ≤ n ≤3 in the temperature ranges of interest here. The larger values of n are observed at the lowest temperatures. The various exponents are associated with different heat transport mechanisms each of which will dominate in a different temperature range [4] . For gas-mediated self heating, the exponents are predictable from the temperature dependence of the thermal conductivity of the heat-exchange gas [5] .
An exception to the rule that η increases with decreasing T occurs in cases where, in narrow regions of temperature, a phase change occurs in the thermometer fill gas. Such a case is observed in capsule RIRTs and PCRTs with 4 He fill gas near 1.4 K where a superfluid transition occurs in the condensed He film and η drops precipitously [6] . Heat is transferred away from the wire by evaporation and superfluid film flow preserves mass balance. This is a normal self-heating feature in all He gas-mediated resistance thermometers.
Other exceptions can occur in capsule thermometers in the region between 45 K and 70 K if air has contaminated the He fill gas. As temperature decreases, the air gradually condenses and the decreasing vapor pressure of the condensed air produces fewer collisions between the remaining gasphase air molecules and the He gas atoms. The He fill gas can then more effectively transfer heat out of the device, so η decreases with decreasing T until the vapor pressure of the remaining condensed air is negligible [7] . In cases where significant air is present, the observed η may be large enough to produce noticeable deviations in otherwise smooth fitting functions used in finite-current calibrations. We refer to this type of behavior as 'anomalous' self-heating since it originates from a device defect (e.g., a leak or other source of gas contamination).
EXPERIMENTAL
A distinction exists between "internal" self heating (due to heat transfer within the sensor package) and "external self heating (due to heat transfer external to the sensor package). The respective self-heating coefficients for these are denoted η int and η ext . A capsule thermometer with exchange-gas dominated self-heating will exhibit negligible external self heating when the sheath is in direct contact with an ice bath, liquid nitrogen, or liquid helium near 4 K, but these nearly ideal cases are difficult to emulate in other more practical vacuum-well installations.
In practice some degree of external self-heating is inevitable in vacuum installations. The two effects act as series thermal impedances such that the total observed self-heating coefficient is the linear sum η =η int + η ext . The mechanisms responsible for η int are solely a function of the thermometer package design and materials, while η ext is in general installation dependent. The dominant contribution to η ext is the contact interface between the sheath and well surfaces, mediated by thin layers of grease [7] . Best practices produce η ext <≈10 % of η int , but variable grease thickness and voids can lead to variability of ± 50 % in η between different installations.
Experimental values for η are readily obtained given by measurements of resistance R(I) at two or more currents I 2 > I 1 allow a simple calculation using
Eqn. 1 presumes that joule heating contributions from portions of the current lead wires outside of the four-terminal junction, but still inside the capsule, are negligible. This is a valid assumption for most capsule thermometers, with certain germanium resistance thermometers (GRTs) being possible exceptions.
Self-heating Data
We have collected self-heating data derived from 18 years of comparison and fixed-point calibrations using a variety of capsule thermometers from 0.65 K to 273 K. Figure 1 shows typical self-heating coefficient data for four capsule-type thermometers, all with Pt sheaths of 5.0 mm to 5.5 mm dia. and glass headers. The Standard Pt type 8164 is a classic helicalcoiled wire design [8] , RIRT types U and W [6] are bifilar coiled wire designs, and the Pt-Co type R800 [9] is another classic helical-coil design. These are all examples of what we consider "normal" self heating in that the data are consistent with exchange gas compositions of ≈100 % He. The measurement of η requires that the excitation levels are high enough to resolve the self-heating in the presence of temperature control fluctuations and measurement system noise. This typically requires self-heating levels which are 5 to 10 times higher than those of random fluctuations, but not all the data presented here were optimized in this way. The type 162D SPRTs are not treated here as these exhibit selfheating too low for routine measurements to resolve. We have omitted examples of MPRT [10] selfheating in Figure 1 because all of the devices of this type we have examined exhibit anomalous self heating to one degree or another. Figure 2 shows three examples of different self-heating behavior exhibited over the range 13.8 K to 84 K. In two cases, MPRTs A and B exhibit self heating consistent with a helium exchange gas but contaminated with small amounts of air. The slight increase in η(T) with temperature between 45 K and 70 K is created by the increasing density of air molecules as they sublimate into the gas phase and cause increasing collisions with the He atoms. In the case of MPRT C, the observed selfheating is consistent with only air in the capsule, so that at <≈40 K all the gas is condensed with negligible vapor pressure and only the solid-state conduction through the lead wires remains to limit self-heating.
The result is an increase of the observed η by a factor of more than 15 with decreasing temperature between 55 K and 32 K. For the data presented here, variations in η(T) from one installation to the next are due to variable η ext (T).
These variations often exceed the purely random measurement errors, which are typically 1 % to 5 % of η(T). The combined standard uncertainties for most of these experimental values of η(T) are ≈ 10 %. There are a few special cases, particularly SPRTs and MPRTs below ≈ 30 K, where parasitic heating effects and poor signal to noise causes systematic errors and additional measurement uncertainty with combined uncertainties of ≈ 25 % in η(T).
THERMAL MODELING
In general, η depends on details of heat transport mechanisms through the sensor package and on the thermal details of the installation. In practice the observed η is a combination of the associated series and parallel thermal impedances such that a complete description of the net effect is complicated. Figure 3 shows a schematic diagram of a simplified thermal impedance network for a thermometer self-heating where T int is the temperature of the sensing wire, T ext is the external sheath temperature, and T 0 is the known temperature of a comparison or fixed point reference.
We treat the internal self-heating coefficient as a parallel combination of gas-mediated (Z gas ) and leadwire-mediated (Z lw ) thermal impedances, where both are temperature dependent. The external self-heating is treated as a parallel combination of interfacial thermal boundary impedances. The sheath interface impedance Z ex-s is formed by the boundary between the thermometer sheath and the inner surface of the thermowell, as mediated by a weakly-temperaturedependent grease layer. The lead-wire interface impedance Z ex-lw is a combination of two series impedances: the lead-wire to copper-heat-sink interfaces and the thermal resistance of the external lead wires, which are also temperature dependent. In a typical installation of a capsule-type thermometer, η ext <<Z gas <<Z lw , resulting in the net observed self-heating coefficient,
The gas-mediated self-heating Z gas is the dominant mechanism and is the product of a geometric factor G and the inverse of the gas thermal conductivity κ(T) or
In the approximation that Z gas /Z lw and η ext can be neglected, it is sufficient to use published or calculated values for κ(T) and one measurement of η(T 0 ) (at a convenient reference temperature T 0 ) in order to determine G and hence infer values for η(T) at all other temperatures.
Gas Thermal Conductivity Calculations and Literature Data
Johnston and Grilly [11] have measured the thermal conductivity of gas phase 4 He from 80 K to 300 K. Ubbink The thermal conductivity of gas phase He and its mixtures with other gases may also be calculated using the program REFPROP [13] , which uses theoretical models to predict gas transport properties [14, 15] . Figure 4 shows the results of REFPROP calculations of κ(T) for He, Air, N 2 , and several He-N 2 mixtures together with the He data from the literature. The REFPROP calculations assume that the internal gas pressure is 33 kPa at 300 K. This assumption may be approximately valid for some, but certainly not all, capsule thermometers. However, the exact pressure is not important unless it is so low that the mean free path becomes comparable to the internal dimensions of the capsule. We assume that this condition is not relevant to any of the capsule thermometers treated here. This means we exclude those cases of a gross seal failure or otherwise negligible He gas content in the capsule. Uncertainties are estimated at 5 % in κ(T) for T>10 K.
Normal Self Heating
The REFPROP calculations of κ(T) for 100 % He above 5 K may be used to compare normal selfheating data with the predictions of Eqn. 2, again ignoring the corrections from η ext and Z lw . Figure 5 shows two examples of self-heating data from 0.65 K to 273 K from two capsule thermometers of different designs. The solid lines from 5 K to 300 K are derived from κ(T) calculations with the geometric factor G as the only free parameter. For the two cases shown in Fig. 5, G=0 .03 cm -1 and 0.013 cm -1 . The region between 1.3 K and 5 K can not be treated via REFPROP, but our data are generally consistent with the results of Ubbink and de Haas [12] . respectively. Within the experimental uncertainties, the data in this range are consistent with the inverse T 3 dependence and the self-heating being limited by a Kapitza thermal boundary layer impedance [16] . In this case the boundary layer is presumably present between the superfluid 4 He film and the inner surface of the capsules' Pt sheaths and/or Pt wire elements. 
Anomalous Self Heating
We have examined self-heating in eight capsule thermometers that exhibit anomalous self-heating in the range 45 K to 70 K. In all cases where enough data exist, the anomalous behavior is easily understood as being a consequence of air contamination of the helium exchange gas in the capsule. While a detailed model describing the behavior in the anomaly region of 45 K to 70 K is beyond the scope of this work, it is straightforward to use the data in conjunction with REFPROP predictions to infer the degree of air contamination. As in the normal case, data below 45 K is used to yield the geometric constant G for the thermometer. Assuming a helium-air mixture, the data above 70 K are then used with the same G value to yield the gas composition inside the capsule. Figure 6 shows a typical example of an obvious self-heating anomaly in a capsule RIRT from combined data sets taken over an 18 year time span. The self-heating below 45 K is assumed to be moderated by 100 % He gas and that above 70 K moderated by the helium-air mixture. REFPROP calculations are shown for both pure helium and a nominal 75 % helium-25 % air mixture for a single geometric factor G=0.017 cm 
DISCUSSION
Our study of 35 capsule-type thermometers has found 4 out 11 RIRTs, 4 of 15 SPRTs, 1 of 4 PCRTs, and 5 out of 5 MPRTs with some degree of air contamination. All of the RIRTs studied exhibit stable calibration histories of 18 years, with no evidence of drift relative to our best available fixed-points. Given the observed levels of anomalous self-heating, their relative stability, and the age of these RIRTs (produced circa 1987-1988), it is unlikely that a leak led to the bulk of the air contamination (i.e. it was an original defect). Nonetheless, it is useful to examine the consequences of small leaks in capsule resistance thermometers in this context. We also consider the practical consequences of air contamination on thermometer calibrations and examine correlations in self-heating values as they relate to practical screening techniques for thermometers with air contamination.
Leaks in Capsule Thermometers
Two types of leaks may exist in capsule thermometers: 1.) physical leaks, such as micro-cracks in glass headers, in which both air and helium may pass primarily driven by pressure gradients; and 2.) permeation leaks, which primarily allow helium to diffuse through glass walls in the presence of a concentration or pressure gradient [17] .
In the first case, a gross leak is readily apparent once a capsule is placed in a vacuum, the exchange gas is removed from the capsule, and the observed selfheating rises by a factor of 10 or more. More subtle effects may be observed in the case of very small physical leaks, in which only a small fraction of the He is replaced with air over multiple-year timescales. Changes to the self-heating anomaly provide a sensitive indicator of changes in gas composition. The ratio η(70 K)/η(40 K)= κ(40 K)/κ(70 K) varies from 0.7 to 1.08 as the gas composition changes from 100 % He to a 5 % air-He mixture. In contrast, a leak rate corresponding to 5 % of the helium at 33 kPa in a V=0.7 cm 3 capsule volume removed in 1 year would be only ≈3×10 -10 cm 3 /s at standard conditions. In the case of helium permeation, the helium gas content of a capsule would be expected to slowly decrease over time without any appreciable increase in air content. This would have no noticeable effect on 
Finite-current calibrations
Best practice in resistance thermometry is to extrapolate self-heating by power or I 2 to the zeropower condition. This effectively eliminates any selfheating effects in the calibration data. A more convenient and common practice in industry, however, is to calibrate to a finite current, in which case the selfheating and any associated anomaly become part of the calibration. Interpolation errors are mitigated if data are spaced in temperature with at least three points over the region of the anomaly and a fitting function has a sufficiently high polynomial degree to fit the shape of the anomaly. SPRT calibration according to the ITS-90, however, would not meet this criterion and interpolation in the region of the O 2 TP would be in error by amounts as large as η(T)I 2 R(T) −η(T O2TP )I 2 R(T O2TP ). For a 25.5 Ω SPRT at I=1 mA and G=0.03 cm -1 , the errors are ≈ −0.3 mK and +0.5 mK at 40 K and 70 K respectively for a 50 % airhelium mixture. If no helium remains in the capsule, however, errors can be ≈10 times larger near 40 K.
Another criterion pertains to changes in gas composition. Besley [3] has commented that apparent instabilities in germanium resistance thermometers' (GRTs) finite-current calibrations above 40 K may in fact be explained as changes in exchange gas composition rather than changes in the actual resistance characteristic of the GRT. We concur that larger leaks and variable gas composition are common in the miniature capsules of 3 mm diameter and smaller, which are used for MPRTs and GRTs.
Screening Thermometers for Air
Tests can be readily preformed to screen thermometers for air contamination without the necessity of making detailed measurements in the range of the self-heating anomaly. Based on REFPROP calculations of gas thermal conductivities, the ratio of self-heating coefficients for a mixture of 95 % He and 5 % air to that for 100 % He is approximately 1.6 for T > ≈100 K. This represents a sufficiently large difference that, providing that external self-heating can be neglected, screening may be performed at the water triple point by simply comparing values for capsule thermometers to an established normal self-heating for each model of thermometer. If external self-heating is too large or variable in a WTP cell, then a ratio such as 
Summary
The capsule thermometer self-heating data we have examined indicate that relatively large self-heating anomalies can be observed in thermometers with air contamination. The air impurity concentrations are, in many cases, stable over an 18 year time span and do not appear to influence zero-power calibration stabilities. Apparent instabilities in finite-current calibrations may be expected in capsules with variable air concentration. Finite-current SPRT calibrations exhibit small errors resulting from anomalous selfheating as long as some significant fraction of He remains within the capsule. Significant interpolation errors should be expected in those cases where the helium content has dropped to negligible levels.
